Figure 1. Key Stages in the Development of the Vertebrate Heart
Key stages include the earliest assembled heart tube (left), the tube after looping (middle), and the adult four-chambered heart (right). Through the looping stage, the heart tubes of all vertebrates are nearly identical. Fish, lacking atrial and ventricular septa, have a single atrium and a single ventricle. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; PA, pulmonary artery (carrying deoxygenated blood to the lungs); Ao, aorta (carrying oxygenated blood to the body). ‡ To whom correspondence should be addressed. retrograde flow. High-pressure generation is accomplished by concentric growth of the ventricular myocarin presumptive cardiogenic regions and in other sites dium. As a consequence of myocardial growth, diffusion as well (Harvey, 1996) . Members of the MEF2 family of no longer suffices to provide nutrients, so the myocar-MADS-box transcription factors directly activate cardium is invested with its own vessels, the coronary arterdiac structural genes and are required for cardioblast ies, which grow in from an encasing epicardium. Some differentiation. In fruit flies, there is a single MEF2 gene, of these elements also appear to have arisen by converwhich is directly activated by Tinman (Figure 3 ). In vertegent evolution in the heart (or hearts) of particular inbrates, there are four MEF2 genes that are expressed vertebrates, especially in large ones with high cardiac in overlapping patterns in the cardiac as well as smooth outputs, such as the octopus. and skeletal muscle lineages (Lin et al., 1997) . Fruit fly A key participating element in many of these modules and vertebrate myocyte commitment also appears to is the endothelium, a cell type not present in hearts or be similar in dependence upon signaling by members vessels of tunicates or reported in invertebrates, to our of the transforming growth factor-␤ family (dpp in the knowledge. Endocardial cells give rise to the valves fly [Frasch, 1995] the lack of cardioblasts in tinman mutants and the failure The vertebrate heart is asymmetric as a result of loopof cardioblasts to differentiate in Drosophila mutants ing of the ventricle to the right. The role of looping is lacking MEF2, the loss-of-function phenotypes of Nkx2.5 not clear. One possibility is that it positions inflow and and MEF2C mutant mice might have been predicted to outflow through the heart to connect seamlessly with be more severe. The observation that the major cardiac flow through the major vessels, which form by local defects in these mutants occur during relatively late aggregation of angioblasts. In vertebrates with a ventricstages of cardiac morphogenesis suggests that the early ular septum, the position of the bend in the loop defines cardiogenic functions that are confined to single regulathe position of the interventricular septum between the tors in flies are distributed among several related family right and left venticles (Figure 1) . members in vertebrates. This redundancy may be the
Conservation of Cell Fate Machinery
reason that the heart cell fate is reasonably well proAmong the transcription factors that drive the initiation tected against single gene mutation. Interestingly, some of myogenic cell fate, at least two (Nkx/Tinman and of these same cell fate genes are redeployed in pathmyocyte enhancer factor-2 [MEF2]) are conserved in this ways that generate higher-order structures, pathways role from fly to mouse (Figure 3 ). Without the homeobox that are more sensitive to their mutation, perhaps suggene tinman (Bodmer, 1993) , the fly remains heartless.
gesting less redundancy in these later evolutionary functions. The related Nkx family in vertebrates also is expressed The genes affected by the fish mutations have not been cloned. We apologize for the omission of several mutations and many references, from the text and this table, due to space constraints. Some may be found in recent reviews (Rossant, 1996; Fishman and Chien, 1997) . , 1997 ). al., 1996 Stainier et al., 1996) , so the genes are unknown,
We suggest, therefore, that the "modular" steps in but it seems improbable that they match by accident Table 1 are units of organ assembly, each the end prodthose genes intentionally mutated in the mouse. This uct of a particular biochemical pathway. While there are suggests a conservation of essential cardiogenic pathlikely to be many proteins in each pathway, our hope is ways and units of form over 450 million years of evothat with even one or two genes assigned by mutational lution.
analysis to each pathway, the rest may be amenable to For example, as shown in Table 1 , the zebrafish mucombined genetic and biochemical analyses. For examtant pandora is missing a portion of the ventricle. It ple, the observation that several mutations have the resembles mouse mutants lacking the transcription facsame phenotype may indicate that their gene products tors MEF2C and dHAND, as well as another mouse mufunction in the same pathway. tant called heart defect (hdf), which was obtained by How complete is the list of units? There will undoubta random transgene insertion into an unknown gene edly be more, but we suspect that the list of phenotypes (Yamamura et al., 1997) . This selective truncation also informative in this regard may be limited. Even though resembles the effect of retinoic acid on the developing the number of genes mutated in mice is small, the zebrazebrafish heart. Mutation of the cloche gene in zebrafish fish screens have achieved sufficient saturation so that and of the vascular endothelial growth factor receptor new phenotypes are being discovered at diminishing gene, flk, in the mouse prevents the formation of most rates. Why do these phenotypes crop up repeatedly with endothelium, including endocardium. Three zebrafish different mutations in different species? Perhaps the mutations and targeted mutation of GATA4 in mouse modules constitute genetic units added relatively inde- (Kuo et al., 1997; Molkentin et al., 1997) cause cardia pendently and late in evolution and have less redunbifida (failure of the bilateral cardiac primordia to fuse dancy than those governing essential establishment of at the midline, with the subsequent formation of two cell fate. Alternatively, it may be that unlike screens of hearts). Concentric thickening of the myocardium of the Drosophila body form, in which cuticle pattern was a heart, especially the ventricle, does not occur in three good surrogate for molecular patterning, gross anatomy zebrafish mutants and in mice bearing mutations in will not suffice and the "real" unitary decisions will be RXR␣ (Sucov et al., 1994) and other genes. discovered in screens based upon more subtle phenoOf course, there are no mutations in the fish analogous types, such as changes in patterns of gene expression. to those that disrupt septation of the heart or outflow Even if the modular hypothesis is true, by no means tract, which contribute to separation of blood flow to would we predict genetic analysis to reveal all genes the lungs. It is interesting that one set of basic-helixinvolved in the development of the heart. Targeted mutations of many genes in mice are without evident effect, loop-helix transcription factors, dHAND and eHAND, are an observation ascribed to redundancy of function way, to a primitive single-chambered peristaltic pump of a presumptive ancestor. among genes or to subtlety of phenotype; other mutations have effects too pleotropic to be informative.
The next steps in the evaluation of this hypothesis include identification of the other elements of the moduIntegration of the Heart into the Body Plan The growth and function of the heart must be coordilar pathways that regulate morphogenesis and determination of relationships among pathways that define indinated with the rest of the organism. Not only must the venous input connect to the atrium and the arterial outvidual cell fate and higher-order form. As mutants that affect other organ systems are characterized, it will also flow to the ventricle, but the heart needs to generate blood flow proper to the animal's size and metabolic be of interest to determine whether the type of modular logic that appears to underlie cardiac evolution and deneeds. There is a linear relationship between the amount pumped with each beat and body weight, assayed in velopment reflects a general strategy for organogenesis. animals varying nearly 2000-fold in weight. What genes Selected Reading provide this coordination of heart size and orientation to overall body plan? Bodmer, R. (1993) . Development 118, [719] [720] [721] [722] [723] [724] [725] [726] [727] [728] [729] The process of size coordination may begin by interChen, J.-N., Haffter, P., Odenthal, J., Vogelsang, E., Brand, M., vanaction of neighboring tissues with cardiac progenitors.
Eeden, F.J.M., Furutani-Seiki, M., Granato, M., Hammerschmidt, M., In Drosophila, dorsal ectoderm supports continued tin- Heisenberg, C.-P., et al. (1996) . Development 123, [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] man expression (via dpp [Frasch, 1995] of tissue allocated to each organ, thereby tying organ Frasch, M. (1995) . Nature 374, 464-467. dimensions to animal size. Harvey, R.P. (1996) . Dev. Biol. 178, [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] [215] [216] The midline may also position the heart relative to Kuo, C.T., Morrisey, E.E., Anandappa, R., Sigrist, K., Lu, M.M., Parvessels, so as to provide seamless connections. Most macek, M.S., Soudais, C., and Leiden, J.M. (1997) . Genes Dev. 11, major vessels form by local aggregation of angioblasts 1048-1060. and so must subsequently be joined with the endocarLin, Q., Schwarz, J., Bucana, C., and Olson, E.N. (1997) . Science 276, 1404 Science 276, -1407 dium of the heart. The midline structures (notochord, hypochord, and neural tube) have at least two influences Lohr, J.L., Danos, M.C., and Yost, H.J. (1997) . Development 124, 1465 Development 124, -1472 difficult linkages to assess because even looping, the standard assay of cardiac asymmetry, occurs after Yamamura, H., Zhang, M., Markwald, R.R., and Mjaatvedt, C.H. (1997) . Dev. Biol. 186, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] chamber designation and depends upon proper cellular differentiation.
Organotypic Units?
The limited number of informative phenotypes and similarity among species suggest that there are at least a few elements of heart formation that are "modular" and amenable to dissection as distinct genetic and biochemical pathways. We propose that these were added to a primitive chordate heart (Figure 2) , a notion similar to that for other modular evolutionary additions (Raff, 1996) . Of course, we recognize that it may be overly reductionist to claim that the units we see by standard histology are those for which genetic pathways exist and that those pathways have been added, in a modular
